Abstract-Ion implantation is shown to be able to shorten the carrier lifetime in semi-insulating GaAs independent of the ion species. Although ion implantation alone may shorten the lifetime to the order of femtoseconds, to obtain good resistivity and mobility annealing process is required. Furthermore, chemically active ions may complicate the recovery of resistivity, such as Si which may be activated as dopants during annealing or O which creates additional deep levels. Optimum annealing temperature was determined to be around 600 C with carrier lifetime still in the picosecond range but with mobility 2000 cm 2 /V1s. The shortening of the carrier lifetimes and electrical properties of these materials are correlated to the structural properties.
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I. INTRODUCTION
T HE INTEREST in semiconductor materials with ultrafast carrier recombination characteristics was recently reignited by the discovery of the unique properties of GaAs grown by MBE at low-substrate temperatures (the so-called low temperature GaAs or LT-GaAs) [1] - [3] . Since then, many ultrafast photoconductive switches and photodetectors based on this material have been reported and even implemented as commercial products. This is primarily due to the fact that LT-GaAs has such superior characteristics like subpicosecond carrier lifetime, high resistivity ( 10 cm), and high electron mobility. Although it is widely agreed that these characteristics are caused by the presence of excess arsenic in LT-GaAs, the controversy still remains whether the deep arsenic antisite defect levels [4] or the nanometer-sized arsenic precipitates [5] are responsible.
Recently, we have demonstrated that ion implantation of GaAs can result in properties that are similar to those of LT-GaAs [6] - [8] . Ion beam technology has several advantages such as the ability to incorporate precise amounts of impurities/defects in certain localized regions of the wafer. Furthermore, this technique is compatible to planar technology.
Radiation damage induced by ion implantation has long been known to shorten carrier lifetimes. Well-known examples are O-and Si-implanted silicon-on-sapphire (SOS) [9] , [10] proton implanted GaAs and InP [11] - [13] . The main principle underlying lifetime shortening in ion implanted materials is the creation of deep levels acting as traps or recombination centers. Normally, the carrier capture cross section of a deep level is quite large, therefore carrier lifetimes can be substantially shortened. However, the deep levels introduced by ion implantation may act as additional scattering centers, thereby degrading the electron mobility (as low as 30 cm /V s in ion-implanted SOS) and the photo-responsivity of the devices made by ion implantation. We had found that GaAs implanted with various high energy (MeV) ions and then annealed at temperatures higher than 600 C is characterized by picosecond carrier lifetimes and large electron mobilities.
In the initial study [6] , the implantation of high energy arsenic ions was used, however the subsequent work has shown that other implant ion species (such as Ga or O) may also create similar material properties.
In this paper, we will review the results to form a more comprehensive report and will highlight some of the recent major findings. Section II of the paper gives the description of the material processing and characterization techniques and presents the results of the structural studies made on the ion implanted GaAs. Section III summarizes the results of carrier dynamic measurements while Section IV is devoted to the discussion of the results in terms of the physical mechanisms responsible for the ultrafast photo-excited carrier dynamics and of possible device applications.
II. SAMPLE PREPARATION AND CHARACTERIZATION
The starting material was VGF semi-insulating (100) GaAs purchased from AXT. Typical values of the resistivity and the mobility of these materials are 10 cm and 5000 cm /V s, respectively. These samples were then implanted at room temperature with various doses of either As, Ga, Si, or O ions. During implantation, the samples were tilted 7 from the beam axis to minimize channeling effects. After implantation, the samples were annealed under arsine ambient in a MOCVD reactor for 20 min in the temperature range of 300 C-800 C. Rutherford backscattering in the channeling orientation (RBS-C) was used to study the structural properties after implantation and annealing. The technique was complemented by a standard cross-sectional transmission electron microscopy (XTEM) and a double crystal X-ray diffraction (DCXRD) measurement. Electrical transport properties of the samples were investigated by Hall effect measurements. at various temperatures. The spectrum of the unimplanted crystal and the random level are also shown for comparison.
In the as-implanted material, a damage peak is observed at a depth of about 0.7 m from the surface, corresponding very closely to the depth of the maximum nuclear energy deposition (displacement) density as calculated by TRIM90 [14] . The yield of this damage peak reaches that of the random level suggesting that a continuous buried amorphous layer is formed. Indeed, XTEM results show that a continuous amorphous layer is formed in this region. During annealing, recrystallization of the amorphous material occurs as observed by the gradual reduction in the backscattered yield of the RBS-C spectra. Complete recrystallization of the amorphous layer occurs in the temperature range 400 C-500 C and a further significant reduction in the yield is observed at 600 C. Further annealing resulted in the RBS-C spectra similar to that of the unimplanted sample but with slightly higher dechanneling yield suggesting that most of the ion beam-induced damage has been removed. However, XTEM results show that some defects are still present in the form of polycrystallites and small spherical defects (most likely voids) [15] . The RBS-C and XTEM results correspond well to the DCXRD results which are shown in Fig. 2 . The as-implanted sample shows a distinct secondary peak at the lower angle side of the main (substrate) peak. This peak is indicative of the presence of compressive strain in the direction perpendicular to the surface due to the ion beam-induced lattice expansion. With increasing annealing temperature, this peak gradually shifts toward the substrate peak. Additionally, substantial reduction in the background yield is observed. The strain is finally relieved at 600 C with the merging of the secondary and the substrate peak. Further annealing reduces the background yield further but leaves a broader FWHM than the unimplanted sample, in good agreement with RBS-C and XTEM results that some defects are still present in the material even after high-temperature annealing. The as implanted samples show hopping type of conductivity with Mott-type temperature dependence [16] . The activation energy is about 0.1 eV. This is typical of heavily defective GaAs where the closely spaced defect centres act as conduction (tunnelling) paths for carrier transport [16] . The Hall voltage of the as-implanted sample was too low to be measured implying that the mobility was below 1 cm /V s. Calculations for the transport results were done assuming a 1-m-thick implanted layer, which is approximately the end-of-range of the ions. Although the concentration of defects is not uniform across this layer and thus a large percentage ( 30%) of error may occur, the results indicate orders of magnitude variation, which is outside the range of this error. Although the resistivity and the mobility of the as-implanted material are quite poor, gradual recovery is observed with increasing annealing temperature. The hopping conduction mechanism is gradually diminished with the recovery of the band conduction followed by a recovery of the mobility. The best results are achieved at 600 C, where the mobility has recovered to 2100 cm /V s and the resistivity to 5 10 cm. In fact, the value of the mobility is at least a factor of two higher than that of LT GaAs annealed 600 C.
III. TIME-RESOLVED PHOTOLUMINESCENCE MEASUREMENTS
Photo-excited carrier dynamics in ion-implanted GaAs crystals was studied by a time-resolved photoluminescence (PL) measurement. The setup was based on a self modelocking Ti:sapphire laser with a central wavelength of 770 nm, pulse duration of 100 fs and repetition frequency of 80 MHz. The PL signal was collected and focused into a 1 mm thick LiIO nonlinear crystal by a pair of off-axis parabolic mirrors. Femtosecond laser pulses were used both for the sample excitation and for the sum-frequency generation in the nonlinear crystal. The sum-frequency signal was dispersed by a 0.25-m monochromator and detected by a single-photon counting system. Average excitation intensities corresponding to the excited carrier densities from 1 10 to 2 10 cm were used. The temporal resolution of the measurements, estimated from the cross correlation between the laser pulse and the light scattered from the sample was 130 fs.
In contrast with the time-resolved differential transmittance experiment, which is difficult to interpret in terms of photoexcited carrier recombination because of the interplay of various physical effects, PL decay measurements of separate spectral regions allows the distinction between carrier energy relaxation and its trapping dynamics. When carrier trapping is slower than energy relaxation (which is about 1-2 ps for the excitation densities used in the present experiment), its characteristic time constant can be directly found from the PL transients at photon energies corresponding to the band edge transitions. In the opposite case of ultrafast carrier trapping, its characteristic time can be either estimated from the shape of the transient PL curves at higher emission energies or exactly determined by comparing measured PL decays at different photon energies with the results of Monte Carlo simulation [17] . Fig. 3 shows typical band edge PL decays for As-implanted GaAs annealed at two different temperatures. Characteristic time of the decay decreases when the samples are annealed at lower temperatures. For samples annealed at 600 C, the decay is of the order of 1 ps, which is lower than the time for carrier thermalization. Carrier trapping time at this annealing temperature, after taking into account the delay in a band edge state population, is about 400 fs.
The lowest annealing temperature at which the PL signal could be detected was 500 C. PL transient corresponding to this case is shown in Fig. 4(a) together with the laser pulse cross correlation trace. Both the transient and the cross correlation trace have essentially the same width, implying that the carrier trapping time in the sample annealed at 500 C is below the detection limit of our time-resolved measurement. Nevertheless, the value of this parameter has been estimated from the analysis of the spectral PL experiments. Integral PL spectrum in the sample annealed at 500 C is shown by the data points in Fig. 4(b) . The shape of this spectrum is highly nonconventional. Instead of a maximum corresponding to the PL from the band-edge states and an exponential decrease at higher photon energies, PL spectrum peaks in the vicinity of the excitation quantum energy. This observation provides evidence that the photo-excited electron distribution is sampled in this experiment at a very early, nonthermalized state. The ultrafast trapping with characteristic time shorter than the laser pulse duration acts as an intrinsic high-speed sampling gate. The value of the trapping time for a sample annealed at 500 C is estimated from the integral quantum yield of the PL and from the comparison of the measured and simulated spectra to be of the order of 30 fs. The results of the numerical Monte Carlo/Molecular Dynamics simulation are presented in Fig. 4(b) by the solid curve and a more detailed description of this analysis will be presented elsewhere [18] .
The effect of the annealing temperature on the resistivity, the photocarrier mobility and the trapping time in an As implanted GaAs are summarized in Fig. 5(a)-(c) , respectively. Very similar trends in the dependencies of these parameters on annealing are observed also for the crystals implanted with Ga ions as illustrated in Fig. 6 , although the ion dose in this case is a factor of ten lower than the As implantation. Annealing gradually converts hopping to the band conduction and recovers the mobility. The highest values for the mobility, exceeding 2000 cm /V s, are obtained for the annealing temperatures around 600 C. However, further work is necessary to understand the sudden rise in mobility at 600 C. Currently, experiments are underway to study the variation of mobility as a function of annealing temperature in the range of 500 C-700 C with 20 C steps.
Based on the above results, a study on the effect of the ion dose was also carried out in the dose range of 1 10 to 1 10 cm . The results of such a study with four implant species: As, Ga, O, and Si are presented in Fig. 7 . In all cases, the samples were annealed at 600 C for 20 min. An important feature of this plot is the reduction of the PL decay time with increasing implantation dose. Furthermore, a systematic reduction in the PL decay time (and in the carrier trapping time) for a fixed dose is observed with increasing ion mass. The only exception for this is the case of oxygen implantation, which introduces additional O-related deep levels (chemical effect) after annealing. The shortest PL decay time observed in this experiment is about 300 fs for samples implanted with Si ions to a dose of 5 10 cm .
IV. DISCUSSION
Earlier studies of ion implantation have been concentrating primarily on the effect of the ion dose, expecting that larger implant doses will lead to shorter carrier lifetimes. However, moderate to high ion doses, which are needed to shorten the lifetime to sub-ps or picosecond levels, generally lead to hopping conductivity of the material and poor carrier mobility. On the other hand, our results demonstrate that the recovery of the carrier mobility and the suppression of the hopping conduction is achievable by post-implantation annealing. Although carrier lifetime increases as well during annealing, it still remains shorter than 10 ps. Thus, the annealing process involves a tradeoff between the two parameters; the lifetime and the mobility. The optimum annealing temperature is about 600 C. At this temperature, most of the crystalline damage is removed, band conduction transport is recovered, but the remaining defect density is sufficient to maintain the carrier lifetimes at picosecond values.
The similarity of the electrical and optical characteristics of ion implanted and LT-GaAs suggests that similar physical mechanisms may be responsible for ultrafast carrier dynamics in both materials. Two conflicting models of LT-GaAs explain the properties of this material either by the trapping at arsenic antisite type point defects [4] or by the role of the Schottkytype depletion regions formed around arsenic precipitates present in LT-GaAs [5] .
XTEM analysis of our As implanted samples did not indicate any observable presence of the precipitates [19] . Although As precipitates were found by Claverie et al. [20] in ion implanted GaAs upon annealing, the ion energy used in their experiment was 200 keV and the ions were deposited only to the depth of 0.2 m, whereas in our experiments the ion energy was 2 MeV and hence, the ions were distributed over a much wider region (about 1 m). Consequently, the local concentration of excess As is much lower when the ion energy is higher.
In the dose dependent study, As precipitates are not expected to form at lower doses, but yet the carrier lifetime is of the or- der of several picoseconds. The remarkable similarity between results obtained for various implant species also contradicts the As precipitates model. It can be argued that in the case of Ga implants, Ga precipitates may be formed. Indeed, a few precipitates are found in some Ga-implanted samples after annealing at high temperatures [19] . However, they cannot significantly affect the photocarrier lifetimes because only low concentration of these precipitates are found in certain localized regions, which is at about 1 m from the surface. (It should be noted that the penetration depth of the laser in our time-resolved PL measurements is only about 0.6 m). Moreover, picosecond carrier relaxation is also observed on other samples implanted with Ga where no precipitates are found. Finally, the metallic precipitate model is highly unlikely in Si and O implanted samples because of the nonmetallic nature of these ions.
On the other hand, As -like signal by EPR technique [7] has been observed, strongly suggesting that intrinsic Asrelated point defects are the main contributors to ultrafast carrier trapping. The nature of initial ion damage is not critical in determining carrier lifetime, although higher implantation doses resulted in shorter carrier lifetime. Both amorphous and nonamorphous material may shorten the lifetime. In both cases, point defects are generated and provide further support that these defects are controlling the lifetime. Similarly, the type of ion species is also not critical in determining the carrier lifetime since As defects have been detected in these samples. Although annealing restore the crystallinity and recrystallize the amorphous layer, this process is not perfect in GaAs and as a result some defects are still present. In fact, point defects such as As antisites are known to be stable to temperatures in excess of 800 C [21] . RBS-C is not sensitive to the point defect detection whereas EPR and PL are known to be more sensitive to point defects.
In a material implanted with lower energy ions, a role of the precipitates cannot completely excluded yet. Fig. 8 shows the PL dynamics in GaAs implanted with 200-keV As ions and annealed at different temperatures. These dynamics are different from the observations on the samples implanted with MeV ions. It can be best approximated by two exponents of nearly the same magnitude and different characteristic time constants. The smaller of those constants (20-30 ps) is practically independent of the annealing temperature. These features of PL decay strongly resemble the dynamics observed in InP:Cu crystals, where metallic precipitates are shown to play the major role in determining electrical characteristics and photocarrier dynamics [22] .
For ultrafast optoelectronic applications, ion implanted GaAs has several important advantages over LT-GaAs layers. The material parameters of the former material can be tuned in more controllable way. In the optimum annealing temperature of 600 C where carrier mobility is the largest, photo-excited carrier lifetime may be increased from less than 100 fs to several picoseconds. Moreover, high-energy ion implantation produces relatively thick layers with reduced carrier lifetimes, which are difficult to achieve by the LT-MBE technology due to its slow growth rate. Spatially-resolved PL decay measurements show that the PL decay time is constant over a region more than 1-m deep from surface of the sample. The results of such measurements performed on three differently implanted samples are presented in Fig. 9 . These depth resolved PL decay time measurements were made by a controlled stepwise etch-removal of the surface layer. PL decay times in all the cases are shorter nearer to the surface suggesting that these are controlled by the point defects. Finally, the ability of local incorporation of precise amounts of ions provides an unique possibility of creating regions with different carrier lifetimes on a single semiconductor substrate.
V. CONCLUSION
In summary, we have shown that high energy ion implantation may shorten the carrier lifetime of semi-insulating GaAs to femtosecond level. However, in order to recover high resistivity and carrier mobility, annealing is required. The optimum annealing temperature was determined to be 600 C, similar to that of LT-GaAs annealing. The short carrier lifetime in high energy ion implanted GaAs is predominantly controlled by carrier capture/recombination at the intrinsic point and/or extended defects.
